Theory of 3c-ALEX

1-A. Theoretical relations between 2-color and 3-color FRET.
A three-probe system creates three donor-acceptor pairs (B-G, G-R, and B-R; Fig. 1 A) characterized by three where D φ is the quantum yield of donor, 2 κ the orientation factor, n the refractive index of the media, and J(ν) the integral of the spectral overlap (1). Therefore, we convert 3
XY E
to XY E using Eqs. S9-S11 in order to calculate three interprobe distances:
( S 1 1 )
1-B. 3-color ALEX
Detailed theory for 2c-ALEX was described previously (3) . Here we describe the theory for 3c-ALEX measurement of three FRET efficiencies and three probe-stoichiometries values.
3c-ALEX produces nine distinct photon-emission streams ( Fig. S1B ), corresponding to nine photon-counts for a single burst of fluorescence in solution. To describe photon-counts, we used the simple notation of and R, respectively), and Y denotes photon detector, B for 495-525 nm, G for 580-620 nm, and R for 665-750 nm emission range (the emission wavelengths were selected by the combination of wavelength filters and dichroic mirrors, and each detector detects dominantly the emission of B, G, and R, respectively). For typical FRET pairs, photon-counts induced by FRET for donor-acceptor species contains two types of crosstalk: one is "leakage", i.e., donor-emission detected at acceptor detection channel ( Fig. S1A , "Lk"), and the other is "direct-excitation", i.e., direct excitation of acceptor by donor-excitation laser ( Fig. S1A , "Dir"). Accounting for these two crosstalks is significant for accurate FRET measurements (3) . In case of 3c-FRET, additional crosstalks are present ( Fig. S1B );
we describe these crosstalks using the advanced notation 
( S 2 0 )
Several of the photon-counts in Eq. S12-S20 are zero, because B-and G-excitations by the R-excitation laser and B-excitation by the G-excitation laser are negligible, and because the emission of G is not detected at B-detector and the emission of R is not detected at B-and G-detectors. The non-zero photon-counts in Eqs. S12−S20 can be written as a function of excitation and emission properties, and FRET efficiencies: 
l can be determined using the ratio 
E (FRET efficiency) determination.
After the corrections for crosstalk terms, we obtain six photon-counts that are used (along with Eqs. S9−S11) for determining the three FRET efficiencies of 3c-FRET, for example: ( S 3 7 )
The three photon-counts induced by the excitation of B (Eqs. S32−S34) can be reduced to two FRET-related ratios: 
]. Since all γ-factors for 3c-FRET can be measured using 2c-ALEX scheme(3), they can be treated here as measurable constants. With all γ-factors known, however, these two ratiometric-E equations (Eqs. S38-S39) are insufficient to determine all three FRET efficiencies. For this reason, single-molecule FRET using single-laser excitation cannot determine three FRET efficiencies from a single burst (5) . In 3c-ALEX, the second laser excites G that generates two types of photon-counts of Using Eqs. S38−S40, three accurate FRET efficiencies can be derived:
The three XY E are subsequently used for the calculation of three distances using Eq. S7.
Ensemble measurement.
The quantum yields for Alexa 488, TMR and Alexa 647 were measured as described (6) using singly-labeled DNA in single-molecule buffer (10 mM HEPES-NaOH pH 7, 500 mM NaCl, 100 µg/ml BSA, 1 mM mercaptoethylamine, and 5% glycerol); the values were 0.90, 0.35 (or 0.25), and 0.32 for Alexa 488, TMR and Alexa 647, respectively (see Table below ). The quantum yield of TMR was sensitive to the labeling positions, while those of Alexa 488 and Alexa 647 are not. The steady-state fluorescence anisotropy values of Alexa 488, TMR and Alexa 647 in dsDNA were measured to be 0.05, 0.12 (or 0.18) and 0.19, respectively (see Table) ; these values are low compared to the anisotropies of the immobile probes (0.36-0.4), indicating substantial rotational freedom of the probes, and justifying the assumption κ 2 =2/3. Using the κ 2 approximation, the Förster radius R 0 for were obtained from the 3-D histogram; the molecules (burst points) of C1, C3-c, and C3-b were selected graphically, respectively, and mean proximity-ratios for each species were obtained using Gaussian fitting. The measured proximity-ratios agree well with those measured from solutions containing a single triply-labeled species, and the ratio of molecules is 1.0:1.0:1.2, consistent with the initial mixing ratio. However, the three species are hardly discriminated in 1-D E* histograms, and thereby the proximity-ratios of each species and the mixing ratio are not accessible in 1-D E* histograms. a For definition of each factor, see Fig. S1B and "Theory of 3c-ALEX".
b Dir depends on the excitation laser powers of three lasers.
